INTRODUCTION {#SEC1}
============

5-methylcytosine (m^5^C) is a common modification in both DNA and RNA. As an important marker of DNA epigenetics, m^5^C modifications in DNA have been extensively studied. In contrast, the study of RNA:m^5^C modifications is quite limited ([@B1]). Indeed, m^5^C modifications in RNA are widely found in all three domains of life ([@B2],[@B3]). The m^5^C modification is not limited to rRNA or tRNA and has also been found in mRNA and other RNAs ([@B1],[@B4]--[@B9]). Recent transcriptome-wide mapping studies of m^5^C in higher eukaryotes have demonstrated that m^5^C is widely distributed in all types of coding and non-coding RNAs ([@B10],[@B11]). The known roles of m^5^C in RNA are multifaceted: protein translational processing, RNA structural stability and RNA processing and degradation are all modulated by specific m^5^C modifications ([@B12]--[@B17]).

The majority of m^5^C modifications in RNA are produced by enzymes from the RNA:m^5^C methyltransferase (MTase) family, although specific m^5^Cs in RNA are formed by enzymes (Dnmt2 and RlmI) outside of this family ([@B18],[@B19]). The RNA:m^5^C MTase family contains a common S-adenosyl-L-methionine (SAM)-dependent MTase domain ([@B1],[@B20],[@B21]). Structural data show that this MTase domain comprises an RNA-recognition motif (RRM) and a Rossmann-fold catalytic core ([@B22]--[@B30]). Sequence alignments of the MTase domains of known RNA and DNA MTases exhibit up to 10 sequence motifs, designated I--X ([@B21],[@B31]).

In addition to RNA:m^5^C MTases, two other distinct classes of enzymes generate 5-methyl pyrimidines in nucleic acids, namely RNA:m^5^U MTases and DNA:m^5^C MTases ([@B21]). Both classes share a number of features with RNA:m^5^C MTases ([@B21],[@B32]). Numerous DNA-bound structures of DNA:m^5^C MTases together with biochemical assays have revealed the mechanism of DNA:m^5^C methylation ([@B33]--[@B35]). The enzymatic mechanism of DNA:m^5^C methylation involves a nucleophilic attack by the thiol of a conserved Cys residue from motif IV on C6 of the cytosine base to form a covalent complex. This thereby activates the C5 for methyl group transfer, which is followed by deprotonation and β-elimination to release the methylated product and free the enzyme. For RNA:m^5^U MTases, an analogous mechanism has been proposed based on structural and biochemical studies involving an unrelated Cys from motif VI ([@B36],[@B37]).

A similar reaction scheme has also been proposed for the RNA:m^5^C MTases (Figure [1](#F1){ref-type="fig"}) ([@B22]). However, the RNA:m^5^C MTase is unique in that it contains both DNA:m^5^C-like (motif IV) and RNA:m^5^U-like (motif VI) Cys residues, both of which are required for completion of the catalytic cycle. The specific Cys residue functioning as the nucleophile in RNA:m^5^C methylation was a topic of dispute in the beginning ([@B38]). Later mutational analyses from two individual RNA:m^5^C MTases suggested that the RNA:m^5^U-like Cys acts as the nucleophile ([@B21],[@B38]--[@B40]), and biochemical studies suggested that the DNA:m^5^C-like Cys assists in product release ([@B39],[@B40]). Nonetheless, the exact catalytic mechanism of RNA:m^5^C methylation remained unclear. Although several RNA:m^5^C MTase structures have been solved, no substrate-bound form has been reported until now ([@B22]--[@B30]). Thus, there is a lack of knowledge of active site residues and catalytic mechanisms.

![The proposed reaction scheme for RNA:m^5^C MTases. This scheme is modified from Foster *et al.*, ([@B22]). In the first step, a Cys-thiol of the enzyme works as a nucleophile to attack the C6 atom of cytosine to form a covalent protein--RNA intermediate (intermediate 2). The C5 atom of intermediate 2 is activated for electrophilic substitution. This is followed by transfer of a methyl group from SAM to C5, generating a methylated covalent protein--RNA intermediate (intermediate 3). The final step involves a proton abstraction from C5 by a general base and β elimination of the enzyme.](gkx473fig1){#F1}

Substrate recognition by RNA-modifying enzymes is normally more challenging than that of DNA-modifying enzymes due to the complex tertiary structure of RNA that often prevents direct readout of the target sequence ([@B41]). An RNA-modifying enzyme has to recognize sequence or structural motifs that are spatially distant from the target base. In some special cases, it requires the other protein factors for substrate recognition ([@B42],[@B43]). Thus, the mechanism for substrate recognition of an RNA-modifying enzyme is always intriguing. The recognition mechanism of the RNA:m^5^C MTases for their RNA substrate is a longstanding question, and understanding the roles in RNA recognition of both the RRM motif and the catalytic core remains an attractive topic of investigation.

In humans, seven members of the RNA:m^5^C MTase family have been identified, designated as NSun1 to NSun7. The biological functions of some NSun members have been investigated, revealing roles in protein biosynthesis, cell proliferation and differentiation, and organ development ([@B4],[@B12],[@B44]--[@B46]). Concomitantly, mutations or aberrant expression of several NSun members are closely related to diseases. Mutations of *NSUN2* cause autosomal recessive non-syndromic mental retardation ([@B47],[@B48]); *NSUN5* is among the genes that are completely deleted in Williams-Beuren syndrome ([@B49]); *NSUN3* mutations lead to mitochondrial disease ([@B15]); mutations in *NSUN7* are associated with male infertility in mice and humans ([@B50],[@B51]); and increased gene expression of NSun1 and NSun2 has been observed in various cancers ([@B52],[@B53]). A recent work reported that NSun6 plays a major role in bone metastasis through the methylation of Hippo/MST1 and consequent activation of YAP, implying that NSun6 could be a valuable therapeutic target for bone metastasis and therapy-resistant tumors ([@B54]).

Human NSun6 (hNSun6) has been reported to localize to the cytoplasm of HEK293 cells and catalyze methylation at C72 of tRNA^Cys^ and tRNA^Thr^ isoacceptors ([@B6]). Our mutational analysis identified that hNSun6 recognizes both the proper tertiary structure and consensus sequence in the tRNA acceptor ([@B55]). Nonetheless, it is not well understood how hNSun6 recognizes the complicated sequence and tertiary structure of the tRNA substrate. C72 is normally base-paired with G1 in the acceptor stem of tRNA, and structurally, the C5 atom of this base is not exposed for modification. It remains unclear how C72 is able to access the active site of hNSun6. In the current study, we solved the crystal structures of full-length hNSun6 in the apo form and in complexes with full-length tRNA^Cys^ in the presence or absence of SAM (methyl donor) or its analog, sinefungin (SFG). Together with biochemical studies including isothermal titration calorimetry (ITC), gel-shift and enzymatic assays, we provide insight into the RNA substrate recognition and catalysis of hNSun6, which may allow for structure-based drug design against RNA:m^5^C MTase-driven human diseases.

MATERIALS AND METHODS {#SEC2}
=====================

Crystallization {#SEC2-1}
---------------

HNSun6 with a six-histidine tag and the human tRNA transcripts were prepared and purified as previously described ([@B55]). Protein was stored in buffer comprising 20 mM Tris--HCl (pH 7.0), 300 mM NaCl, 5 mM MgCl~2~ and 5 mM dithiothreitol (DTT). Crystallization was performed at 16°C by the hanging drop vapor diffusion method. For crystallization of the apo hNSun6, hNSun6 was concentrated to ∼4.8 mg/ml. A 1 μl protein solution was mixed with an equal volume of the reservoir solution, consisting of 2% dioxane, 0.1 M bicine, pH 8.6, 18% (w/v) PEG 8000 and 10 mM yttrium(III) chloride hexahydrate. The crystals were frozen in liquid nitrogen after transfer for a few seconds in the mother liquor, which contained 15% (v/v) glycerol as cryoprotectant. Although we used different human tRNA^Cys^ and tRNA^Thr^ isoacceptors and their variants, only tRNA^Cys^(GCA)-G2A:C71U could be co-crystallized with hNSun6. In a previous study, we have shown that tRNA^Cys^(GCA)-G2A:C71U is a substrate of hNSun6, and its binding affinity is ∼3-fold higher than tRNA^Cys^(GCA) ([@B55]). Therefore, this tRNA was used in the structural analysis of all the tRNA complexes in the current study. For the hNSun6/tRNA complex, solutions were prepared with 75 μM hNSun6 and 75 μM tRNA. For the hNSun6/tRNA/SAM and hNSun6/tRNA/SFG complexes, hNSun6 was mixed with tRNA at a 1:1 molar ratio, adding either 1 mM SAM or SFG. Crystals were obtained by mixing 1 μl of this solution with 1 μl of reservoir solution containing 0.1 M SPG (pH 8.0--10.0), 24--28% (w/v) PEG 1500 and 50 mM NaF. The crystals were flash-cooled with liquid nitrogen in a cryoprotectant reagent containing 15% glycerol.

Structure determination and refinement {#SEC2-2}
--------------------------------------

All diffraction datasets were collected at the Shanghai Synchrotron Radiation Facility (SSRF, ShangHai, China) beamlines BL-17U1 and BL-19U1 using a wavelength of 0.9777 Å for the hNSun6/tRNA/SFG complex, and 0.9785 Å for the apo hNSun6, hNSun6/tRNA complex and hNSun6/tRNA/SAM complex, respectively. Data were indexed, integrated and scaled with the HKL3000 ([@B56]). Further data analysis was performed with the CCP4 suite ([@B57]). The structure of the hNSun6 in apo form was initially solved by molecular replacement with PHASER ([@B58]) using the MTase domain structure of *Pyrococcus horikoshii* PH0851 (PDB ID: 2YXL) ([@B26]) and the PUA domain structure of *P. horikoshii* archaeosine tRNA-guanine transglycosylase (PDB ID: 1J2B) ([@B28]) as starting models. The model was further improved by manual adjustments using COOT ([@B59]). The structure of the hNSun6/tRNA/SFG complex was solved by molecular replacement with PHASER; The main domain (residues 2--100 and 211--466) and the PUA domain (residues 113--201) from apo hNSun6 structure were used as separate models for the protein part, and the structure of the tRNA^Cys^ from *Archaeoglobus fulgidus* (PDB ID: 2DU3) ([@B60]) was used as model for solving the tRNA part structure. The merged model was further improved by manual adjustments using COOT. The structures of the hNSun6/tRNA complex and the hNSun6/tRNA/SAM complex were solved by molecular replacement with PHASER using the structure of the hNSun6/tRNA/SFG complex. All models were refined using REFINE program in PHENIX suite ([@B61]). The quality of final model was evaluated by MOLPROBITY (<http://molprobity.biochem.duke.edu/>). Figures were drawn with PyMOL (<http://www.pymol.org/>). Structure-based multiple amino acid sequence alignment of NSun6s from model organisms was generated by ESPript ([@B62]).

Methylation activity assays {#SEC2-3}
---------------------------

Methylation assays and enzymatic kinetic measurement methods have been previously described in detail ([@B55]). Briefly, a reaction mixture consisting of 200 μM ^3^H-SAM, 50 mM Tris--HCl, pH 7.0, 100 mM NaCl, 10 mM MgCl~2~, 100 μg/ml bovine serum albumin (BSA), 5 mM DTT and 5 μM tRNA^Cys^(GCA) was initiated by the addition of 500 nM enzyme. Higher concentrations of 2 μM enzyme concentrations were used for some hNSun6 mutants with weak specific activity.

ITC measurement {#SEC2-4}
---------------

The equilibrium dissociation constants of the wild-type and mutant hNSun6 with SAM interactions were determined with an ITC200 Micro-calorimeter (MicroCal Inc.; Studio City, CA, USA). The binding enthalpies were measured at 25°C in 20 mM Tris­--HCl, pH 7.0, 300 mM NaCl, 5 mM MgCl~2~ and 2 mM TCEP. The data were subsequently analyzed and fitted using a one set of sites model with Origin Software version 7.0 (MicroCal Inc.).

Covalent RNA--enzyme complex formation assays {#SEC2-5}
---------------------------------------------

For complexes formed in the bacterial system, samples were purified by affinity chromatography on Ni^2+^-NTA Superflow resin following overexpression of the his-tagged proteins. For *in vitro* complex formation, the tRNA--enzyme complex samples were prepared using purified free-form hNSun6 proteins and tRNA as follows: the reaction mixtures contained 50 mM Tris--HCl, pH 7.0, 100 mM NaCl, 10 mM MgCl~2~, 100 μg/ml BSA, 5 mM DTT, 5 μM tRNA^Cys^ and 5 μM proteins, with or without 1 mM SAM, in a volume of 40 μl. Reaction mixtures were incubated for various time intervals at 37°C at which point 5-μl aliquots were removed and the reaction was stopped by adding SDS loading buffer. The samples were resolved by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and detected by western blot using a specific polyclonal antibody for hNSun6.

RNase A digestion assays {#SEC2-6}
------------------------

The hNSun6 and hNSun6-C326A--RNA complexes were purified by affinity chromatography on Ni^2+^-NTA Superflow resin. Approximately 15-μg samples were incubated at 37°C for 4 h with 10 μg of RNase A or 2 units of RNase inhibitor as control. The hNSun6 proteins were resolved by SDS-PAGE and detected by western blotting as mentioned above.

RESULTS {#SEC3}
=======

Overall structure {#SEC3-1}
-----------------

The crystal structures of apo hNSun6, the binary complex of hNSun6/tRNA, and the ternary complexes of hNSun6/tRNA/SAM and hNSun6/tRNA/SFG were determined at a resolution of 2.8 Å, 3.2 Å, 3.25 Å and 3.1 Å, respectively ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). HNSun6 comprises two distinct structural MTase and PUA domains, with a total of 14 α-helices and 16 β-strands (Figure [2A](#F2){ref-type="fig"} and [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). The fold of the MTase domain of hNSun6 is very similar to that of other RNA:m^5^C MTases ([@B22]--[@B30]). Structurally, it consists of a RRM motif of ∼60 amino acid (aa) residues and a Rossman-fold catalytic core of ∼250 aa residues. A non-conserved extension with three α-helices is appended to the N-terminus of the MTase domain. A PUA domain of ∼90 aa residues is inserted into the MTase domain through two linkers (Figure [2A](#F2){ref-type="fig"}).

![Overall structures. (**A**) Overall structure of apo hNSun6 in cartoon representation; residue numbers are indicated at the top; the MTase domain (residues 48--100 and 211--469) including both the RRM motif (deep blue, residues 48--100 and 211--220) and the catalytic core (light blue, residues 221--469), the PUA domain (pink, residues 113--201), the N-terminal extension (light green, residues 1--47) and linkers (cyan, Linker 1: residues 101--112, and Linker 2: residues 202--210) are highlighted. (**B**) Overall structure of hNSun6/tRNA/SFG complex in cartoon representation, tRNA is gold in color and SFG is depicted as a sphere. (**C**) The binding of tRNA (gold) to hNSun6 (surface representation). (**D**) The conformational changes of the PUA domain (pink) upon tRNA binding compared to that in apo hNSun6 (gray).](gkx473fig2){#F2}

Upon tRNA binding, the folds of the MTase and PUA domains do not have distinct changes except that some flexible regions become ordered (Figure [2B](#F2){ref-type="fig"}--[D](#F2){ref-type="fig"}). However, the PUA domain moves as a rigid body toward the tRNA, where the movement results in a maximum displacement of 7 Å at the tip of the PUA domain (Figure [2D](#F2){ref-type="fig"}). Both the PUA and MTase domains have extensive interactions with tRNA, mainly involving the acceptor and D-stem regions (Figure [2B](#F2){ref-type="fig"}--[D](#F2){ref-type="fig"} and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). These binding details will be discussed in the following sections. No distinguishable structural change is observed in the hNSun6/tRNA complex upon addition of SAM or SFG ([Supplementary Figure S2a and b](#sup1){ref-type="supplementary-material"}). The overall root-mean-square deviations (r.m.s.d) for the structural superpositions of hNSun6/tRNA to hNSun6/tRNA/SFG and hNSun6/tRNA/SAM using all atoms are both 0.2 Å. The only noticeable structural difference comes from U71, as the base moiety of this residue points to different directions in the three structures ([Supplementary Figure S2c](#sup1){ref-type="supplementary-material"}).

Unusual fold of the tRNA acceptor and its contribution to substrate selectivity {#SEC3-2}
-------------------------------------------------------------------------------

Drastic conformational changes occur in the acceptor branch of tRNA when it binds to hNSun6 (Figure [3A](#F3){ref-type="fig"}). Compared with the canonical structure of tRNA, the first change results from disruption of the hydrogen bonds of the first two base pairs (1:72 and 2:71) in the acceptor stem (Figure [3A](#F3){ref-type="fig"}). This change allows for the exposure of the base moiety of C72. Furthermore, nucleotide flipping is observed at position 71, which prevents the recovery of base pairing (Figure [3A](#F3){ref-type="fig"}). One more conformational change comes from a bend formed between C72 and U73, resulting in a U-turn in the 3΄-end (U71 to A76). This U-turn RNA binds to the cleft formed between the PUA and MTase domains and allows C72 to point toward the active site while U73 points in a different direction toward the RRM motif, further facilitating binding of the CCA end to the PUA domain (Figure [3B](#F3){ref-type="fig"} and [C](#F3){ref-type="fig"}). Therefore, the conformational reconstitution of the tRNA is essential for binding with hNSun6. If the first two base pairs of the acceptor stem were not disrupted, severe steric hindrance would occur with the MTase domain ([Supplementary Figure S4a](#sup1){ref-type="supplementary-material"}). Additionally, if the U-turn of the 3΄-end was not formed, the RNA-binding cleft of hNSun6 would not accommodate it ([Supplementary Figure S4b](#sup1){ref-type="supplementary-material"}). In the current structures, the two unpaired nucleotide residues G1 and A2 are not stabilized by hNSun6 through any specific interaction, and the density of G1 is totally undetectable, while that of A2 is not well known (Figure [3B](#F3){ref-type="fig"} and [C](#F3){ref-type="fig"}).

![Binding details of the tRNA acceptor with hNSun6 (**A**) Structural comparison of tRNA (right) in the hNSun6/tRNA/SFG complex compared to the typical structure of tRNA in free form (left, yeast tRNA^Phe^, PDB ID: 4TNA). The 3΄-end of tRNA binds to a cleft formed between the MTase and PUA domains presented in cartoon (**B**) and surface representations (**C**). (**D**) CCA end (stick representation) binding to hNSun6 (surface representation). Recognition of C74 (**E**), C75 (**F**) and A76 (**G**) by hNSun6 is shown in detail. (**H**), (**K**) and (**O**) depict the MTase activities of hNSun6 and variants. (**I**) The relative position of U71 to hNSun6 and to SFG. (**J**) The recognition details of U73 (stick representation) and (**L**) the binding pocket (electrostatics surface representation) of U73. (**M**) and (**N**) show the binding details of C72 by hNSun6 from two different views.](gkx473fig3){#F3}

The CCA end is precisely recognized by hNSun6 primarily through the PUA domain {#SEC3-3}
------------------------------------------------------------------------------

The CCA end mainly interacts with residues from the PUA domain and Linker 2, and the molecular surface of the PUA domain snugly fits onto each nucleotide residue of the CCA end ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"} and Figure [3D](#F3){ref-type="fig"}). The main chains of the residues (Arg126, Pro206 and Asp209) recognizes C74 (Figure [3E](#F3){ref-type="fig"}). Recognition for C75 comes from the main chain residues (Lys192 and Gly193) and the side chain residues (Lys192 and Asp209). However, the base moiety of C75 is stacked with the Tyr131 residue (Figure [3F](#F3){ref-type="fig"}). Recognition for A76 is achieved mostly by the main chain of His129 and the side chain of Lys 192. Hydrophobic interactions with ambient aa residues, including Cys120, facilitate localization of the A76 base moiety (Figure [3G](#F3){ref-type="fig"}). We further investigated the role of the aa residues that interact with the CCA end through the side chain. Lys192 and Asp209 are not conserved residues in NSun6, while Tyr131 is highly conserved as Tyr or Phe in NSun6 ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). When Tyr131 was mutated into Ala, the mutant hNSun6-Y131A could not methylate tRNA^Cys^ (Figure [3H](#F3){ref-type="fig"}).

Nucleotide flipping of U71 {#SEC3-4}
--------------------------

Nucleotide flipping occurs at position 71 (Figure [3A](#F3){ref-type="fig"}), causing the base moiety of U71 to point to the outside of the RNA-binding cleft without binding to any residue in hNSun6 or stacking with G70 or C72 in tRNA (Figure [3I](#F3){ref-type="fig"}). Importantly, if nucleotide flipping of U71 could not happen, then U71 would localize to the cofactor binding position ([Supplementary Figure S4c](#sup1){ref-type="supplementary-material"}). Thus, we suggest that nucleotide flipping of U71 is important for the catalysis of hNSun6. As the base moiety of U71 is not precisely recognized by hNSun6, C71 of wild-type tRNA^Cys^(GCA) is also likely to undergo nucleotide flipping during methylation. Therefore, the wild-type tRNA^Cys^(GCA) would have similar structural features in complex with hNSun6.

The discriminator base U73 binds to the RRM motif {#SEC3-5}
-------------------------------------------------

In contrast to U71, U73 needs to be precisely recognized. When U73 was mutated into A, G or C, the resulting tRNA mutants failed to be methylated by hNSun6 ([@B55]). U73 binds to the RRM motif chiefly through the main chain of residue Thr54 and the side chains of residues Asn220 and Ser223 ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"} and Figure [3J](#F3){ref-type="fig"}). U73 stacks with the side chain of Arg126 and forms hydrophobic interactions with the side chain of Leu218 (Figure [3J](#F3){ref-type="fig"}). Residues Leu218, Asn220, Ser223 and Arg126 are strictly conserved in NSun6, but when mutated into Ala, hNSun6-L218A, -N220A and -R126A mutants lost much of their methylation activity, while hNSun6-S223A still efficiently catalyzed the methylation of tRNA^Cys^ (Figure [3J](#F3){ref-type="fig"} and [K](#F3){ref-type="fig"}). These residues form a binding pocket for U73 (Figure [3L](#F3){ref-type="fig"}), the size of which is proper for binding with pyrimidine bases---replacement with a purine at this position would cause a severe steric crash ([Supplementary Figure S4d](#sup1){ref-type="supplementary-material"}). The O4 of U73 forms a hydrogen bond to the main chain amide group of Thr54 at a distance of 2.6 Å; however, the pyrimidine base C has N4 at this site, and thus the hydrogen bond could not be formed if U73 is substituted by C73. Therefore, U73 is an absolutely crucial residue in the recognition of tRNA by hNSun6.

C72 is recognized by the catalytic core {#SEC3-6}
---------------------------------------

The methylation target C72 has extensive interactions with hNSun6 and the methylation cofactor ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). The side chains of residues Lys248, Asp323, Cys326, Cys373 and Phe458 and the main chains of residues Ala324 and Ser371 are all involved in the recognition of C72 (Figure [3M](#F3){ref-type="fig"} and [N](#F3){ref-type="fig"}). A previous study has shown that hNSun6 is a base-specific enzyme, as tRNA of a C72U mutant is not methylated ([@B6]). Cytosine is differentiated from uracil by two atoms, N4 and O4. Here, the N4 atom of C72 interacts with the side chain of residue Asp323 and the main chains of Ala324 and Ser371. These extensive interactions may contribute to the discrimination of the two pyrimidine bases. In addition to N4, N3 of C72 also interacts with the side chain carboxyl group of D323. The O2 atom of C72 is recognized by the side chain amide group of K248. In addition, Phe458 forms an edge-to-face aromatic interaction with the cytosine ring to stabilize C72. Lys248, Asp323 and Phe458 are strictly conserved in NSun6s ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}), where mutations of these residues to Ala (K248A, D323A and F458A) lead to a loss of hNSun6 activity (Figure [3O](#F3){ref-type="fig"}). Notably, side chains of the two conserved Cys residues, Cys326 and Cys373, point to the C5 and C6 atoms of C72, respectively (Figure [3N](#F3){ref-type="fig"}).

Multiple roles of the PUA domain in tRNA binding {#SEC3-7}
------------------------------------------------

The CCA end of tRNA is precisely recognized by the PUA domain. Additionally, the PUA domain interacts with other regions of tRNA. Residues in and near the D-stem have extensive contacts with the PUA domain (Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"} and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). The pattern of the positively charged patch on the surface of the PUA domain is complementary to the negatively charged phosphates of the D-stem region (Figure [4A](#F4){ref-type="fig"}). An NSun6-specific Lys-rich loop (157KCKKGAK163) between β5 and β6 is located near the D-stem of the tRNA (Figure [4B](#F4){ref-type="fig"} and [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). In the current conformation, Lys159 and Lys160 from this loop and together with Arg181 from α6, interact with U12, A23, G24, C25 and A26 in the D-stem region ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"} and Figure [4B](#F4){ref-type="fig"}). When Lys159, Lys160 and Arg181 were replaced by Ala, these mutants could catalyze the m^5^C modification of tRNA^Cys^, although with much lower activity (Figure [4C](#F4){ref-type="fig"}). Specifically, hNSun6-R181A had very little activity. The *k*~cat~ values of these mutants were similar to or slightly decreased compared to that of hNSun6, while their *K*~m~ values for tRNA^Cys^ were 7- to 8-fold higher than that of hNSun6 ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). The hNSun6 double-site variants, -K159A/R181A and -K160A/R181A, lost methylation activity completely (Figure [4C](#F4){ref-type="fig"}). These results suggest that the interactions between the D-stem region and the PUA domain are important for tRNA recognition by hNSun6. This is most likely the reason why Arg181 and basic residues in the Lys-rich loop are conserved in the known NSun6 proteins ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}).

![Binding between the D-stem region of tRNA and PUA domain The interactions between tRNA (gold) and the PUA domain. tRNA is depicted in cartoon representation, and the PUA domain is shown as an electrostatics surface representation (**A**) and a cartoon representation (**B**). (**C**) The MTase activities of hNSun6 and variants.](gkx473fig4){#F4}

tRNA and the PUA domain also interact through the base moiety of A38 from the anti-codon loop stacking with the benzene ring of Phe141 (Figure [4B](#F4){ref-type="fig"}). An hNSun6-F141A mutant could catalyze the methylation of tRNA with the same *k~cat~* as hNSun6 (Figure [4C](#F4){ref-type="fig"}), while its *K*~m~ value for tRNA^Cys^ was ∼2.6-fold higher than that of hNSun6 ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). These results suggest that the Phe141 residue of hNSun6 contributes to tRNA binding but is not a determinant of catalysis.

In short, the PUA domain plays multiple roles in tRNA recognition by hNSun6 through precisely recognizing the CCA end and the D-stem region of tRNA.

Cofactor interacting residues in hNSun6 {#SEC3-8}
---------------------------------------

The position and orientation of the cofactor within the hNSun6 structure are similar to those observed in other RNA:m^5^C MTases ([@B22],[@B30]). The adenine ring of SFG binds to the hydrophobic pocket, which is mainly composed of conserved residues Leu241, Cys242, Pro325 and Leu354 (Figure [5A](#F5){ref-type="fig"}). In addition, the side chain of residue Asp293 recognizes the N6 of the adenine ring. Asp293 is conserved as Asp or Glu in the RNA:m^5^C MTase family. HNSun6-D293A led to a loss of SAM binding capability and a loss of methylation activity to tRNA^Cys^ (Figure [5B](#F5){ref-type="fig"}--[D](#F5){ref-type="fig"}). The ribose of SFG has interactions with the side chains of Asp266 and Lys271, in addition to the main chain of residue Ala244. Asp266 and Lys271 are both semi-conserved as Asp/Glu or Lys/Arg in the RNA:m^5^C MTase family. Both hNSun6-D266A and hNSun6-K271A failed to bind SAM (Figure [5D](#F5){ref-type="fig"}), and neither had specific methylation activity (Figure [5B](#F5){ref-type="fig"}). The amino acid moiety of SFG is also recognized by hNSun6. The amide group interacts with conserved Asp323, and hNSun6-D323A fails to bind with SAM (Figure [5D](#F5){ref-type="fig"}). The carboxyl group of SAM is recognized by the side chain of Lys248 and the main chains of residues Gly246 and Gly247. Lys248 is highly conserved in RNA:m^5^C MTases. To our surprise, hNSun6-K248A efficiently binds SAM (Figure [5D](#F5){ref-type="fig"}), although its *K*~d~ value (10.3 μM) is ∼6-fold higher than that of hNSun6 (1.7 μM). However, the hNSun6-K248A mutant does not have any detectable methylation activity even in the presence of excessive amounts of SAM (Figure [3O](#F3){ref-type="fig"}).

![Cofactor binding in hNSun6 (**A**) SFG binding details in the hNSun6/tRNA/SFG complex. SFG is shown (stick representation) with the carbon atom in salmon. (**B**) The MTase activities of hNSun6 and variants. (**C**) Representative ITC experiments of SAM titrated into WT hNSun6 protein solution. (**D**) The SAM binding affinity of hNSun6 and variants as measured by ITC.](gkx473fig5){#F5}

In the hNSun6/tRNA/SAM complex, the methyl group remains in SAM, suggesting that the crystallized complex is in a pre-catalytic state similar to the hNSun6/tRNA/SFG complex. The binding mode of SAM by hNSun6 is similar to that of SFG and is not discussed here.

Residues at the active site and their possible roles in catalysis {#SEC3-9}
-----------------------------------------------------------------

Lys248, Asp323, Cys326 and Cys373 are the residues at the active site of hNSun6 as revealed by the complex structures. These residues are strictly conserved in NSun6s ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}) and in the entire RNA:m^5^C MTase family ([@B21]), suggesting their conserved roles in catalysis.

Multiple roles of Lys248 and Asp323 {#SEC3-10}
-----------------------------------

In hNSun6, residues Lys248 and Asp323 interact with several functional groups in the active site, including C72 and SFG (Figures [3M](#F3){ref-type="fig"}, [N](#F3){ref-type="fig"} and [5A](#F5){ref-type="fig"}). The specific activities of hNSun6-D323A and -K248A were not detectable (Figure [3O](#F3){ref-type="fig"}), indicating important roles of both residues. We have shown that Asp323 is indispensable for SAM binding (Figure [5D](#F5){ref-type="fig"}). In the hNSun6/tRNA complex, Asp323 forms bidentate hydrogen bonds to N3 and N4 of C72 (Figure [3N](#F3){ref-type="fig"}). Based on these interactions, Asp323 may contribute to cytosine recognition. Similarly, Lys248 also plays dual functions in cofactor binding and C72 recognition (Figures [5D](#F5){ref-type="fig"} and [3N](#F3){ref-type="fig"}). In addition, Asp323 and Lys248 interact with each other, and this interaction helps hold the conformation of both residues to further stabilize the orientation of the C72 base. These observations suggest that both Lys248 and Asp323 have multiple roles in catalysis.

The two conserved Cys residues {#SEC3-11}
------------------------------

RNA:m^5^C MTases possess two conserved active site Cys residues, and both are essential for catalysis. In the hNSun6/tRNA complex, residues Cys326 (motif IV-Cys) and Cys373 (motif VI-Cys) both point to C72 from opposite sides of the cofactor (Figures [3M](#F3){ref-type="fig"} and [6B](#F6){ref-type="fig"}). However, only Cys373 is in an orientation and position similar to the nucleophile Cys observed in the DNA:m^5^C MTase and the RNA:m^5^U MTase ([@B37],[@B63]) (Figure [6A](#F6){ref-type="fig"}). The sulfur atom of Cys373 is 2.7 Å from the C6 of cytosine 72, while that of Cys326 has a distance of 4.1 Å from C6 (Figure [6B](#F6){ref-type="fig"}). Mutation of Cys373 to Ala could completely abrogate the methylation activity of hNSun6 (Figure [6E](#F6){ref-type="fig"} and [F](#F6){ref-type="fig"}). These observations suggest that Cys373 is the nucleophile in hNSun6, consistent with the biochemical studies investigated in *Ec*RsmB and yeast Trm4 ([@B38],[@B39],[@B64]). Our structures provide further evidence that the motif VI-Cys is the nucleophile in the RNA:m^5^C methylation process.

![Insight into the role of active site residues of hNSun6 (**A**) A structural comparison of the two conserved Cys residues and methylation target nucleotide residue in the hNSun6/tRNA/SFG complex (middle) with those observed in RNA:m^5^U MTase (left; *Escherichia coli* RumA; PDB ID: 2BH2) and DNA:m^5^C MTase (right; M. HaeIII MTase from *Haemophilus influenzae*; PDB ID: 1DCT) from the same view. (**B**) Relative positions of the two conserved Cys residues relative to C72 and SFG in the hNSun6/tRNA/SFG complex. (**C**) and (**D**) display the sodium dodecyl sulphate-polyacrylamide gel electrophoresis of hNSun6 and its mutants in addition to their covalent complexes with RNA, as detected by western blot using an hNSun6 specific antibody. (**E**) and (**F**) show the MTase activities of hNSun6 and its variants. (**G**) The covalent protein--RNA complex formation of hNSun6-WT or -C326S at different time points in the presence or absence of SAM. In (**C, D** and **G**), the lower bands at ∼55 KDa indicate hNSun6 or its variants, while the upper bands at ∼80 KDa correspond to the protein--tRNA covalent complexes.](gkx473fig6){#F6}

It has been hypothesized that the role of motif IV-Cys involves acting as a general base to extract a proton from C5 following methylation, which initiates the β-elimination reaction to allow product release ([@B39],[@B40]) (Figure [1](#F1){ref-type="fig"}). In our structure, the sulfur atom of Cys326 is in close proximity to C5 of C72, at a distance of 3.6 Å, and in a proper position for working as a general base (Figure [6B](#F6){ref-type="fig"}). To evaluate its function, Cys326 was first mutated to Ala. During purification, the majority of hNSun6-C326A protein existed in a higher molecular weight enzyme/RNA complex (Figure [6C](#F6){ref-type="fig"}). This complex was stable in SDS-PAGE and could be degraded to free-form protein by RNase treatment, indicating the existence of a covalent bond between RNA and the enzyme (Figure [6C](#F6){ref-type="fig"}). This formation of an hNSun6-C326A--covalent complex suggests that C326A mutation hampers the breakdown of the covalent intermediates (2 and 3 in Figure [1](#F1){ref-type="fig"}). Indeed, a similar covalent RNA--protein complex was observed in yeast Trm4 when its motif IV-Cys was mutated to Ala ([@B40]). These results all indicate that motif IV-Cys plays a role in product release. To investigate whether it works as a general base to initiate product release, we further mutated Cys326 into additional aa residues (Ser, Asp and Asn) that could function as general bases and were similar in size to Cys. During purification, lesser amounts of covalent RNA complex were observed for hNSun6-C326D than for -C326A, and almost no such complex could be detected for hNSun6-C326S and -C326N (Figure [6D](#F6){ref-type="fig"}). This suggests that product release is more efficient in hNSun6-C326D, -C326S and -C326N mutants than in -C326A. Except for hNSun6-C326A, three Cys326 mutants could be purified and had methylation activities (Figure [6E](#F6){ref-type="fig"} and [F](#F6){ref-type="fig"}). The specific activities of hNSun6-C326S and -C326N are similar (*V*~max~ ≈ 0.06 μmol/mg·min) and are ∼26-fold lower than that of hNSun6 (*V*~max~ ≈ 1.55 μmol/mg·min), while that of hNSun6-C326D (*V*~max~ ≈ 0.04 μmol/mg·min) is ∼39-fold lower than hNSun6. These results suggest that Asp, Ser and Asn could only partially substitute for the function of Cys326 in methylation. These structural and biochemical studies indicate that Cys326 plays a role as a general base in catalysis.

To investigate more roles of Cys326, we attempted to test the complex formation of hNSun6 mutants with tRNA in the absence of a methyl donor. In a bacterial expression system, we used the double-site variant hNSun6-C326A/K271A that failed to bind SAM to mimic the absence of SAM. Surprisingly, we found that a covalent complex of enzyme and tRNA was formed, although the amount was much less than that of hNSun6-C326A--tRNA (Figure [6D](#F6){ref-type="fig"}). This result suggests that this complex intermediates 2 before the -CH~3~ is transferred to tRNA (Figure [1](#F1){ref-type="fig"}). We performed further tests *in vitro* (Figure [6G](#F6){ref-type="fig"}): results showed that the hNSun6-C326S--tRNA covalent complex could form in the absence of SAM and increase in quantity in a time-dependent manner, although its amount is much less than that of hNsun6/tRNA in the presence of SAM (Figure [6G](#F6){ref-type="fig"}). These results indicate that enzyme with a mutation of Cys326 could accumulate both intermediates 2 and 3. The accumulation of intermediate 2 suggests that Cys326 has additional roles in catalysis before the transfer of -CH~3~ to C5 of C72 (Figure [1](#F1){ref-type="fig"}). These Cys326 mutants could either increase the formation of intermediate 2 or promote the stabilization of intermediate 2. The close proximity of the Cys326 and Cys373 residues would favor disulfide bond formation (3.1 Å in hNSun6). Indeed, disulfide bonds are found in structures of other RNA:m^5^C MTases ([@B28],[@B30]). Thus, it is possible that when Cys326 is mutated to other residues, the disulfide bond does not form, and Cys373 becomes more active to initiate the nucleophile attack, producing more intermediate 2.

DISCUSSION {#SEC4}
==========

Conformational reconstitution of tRNA {#SEC4-1}
-------------------------------------

How does the modification enzyme gain access to the target base, which is base-paired in the double strand region, to perform the complex steps of catalysis? For the m^5^C methylation process, efficient exposure of the target cytosine is required. For DNA:m^5^C methylation, nucleotide flipping of the target cytosine occurs to satisfy this requirement ([@B33],[@B63]). C72 pairs with G1 and is located in the double strand region of the tRNA acceptor. However, in the hNSun6/tRNA complex, instead of nucleotide flipping, the acceptor region of tRNA undergoes a complicated conformational reconstitution for access to hNSun6 (Figure [3A](#F3){ref-type="fig"}--[D](#F3){ref-type="fig"}). It was unclear why the hNSun6/tRNA complex chooses this energetically unfavorable mechanism. Of course, this conformational reconstitution of tRNA contributes to the substrate selection of hNSun6. The disruption of the second base pair in the acceptor stem is highly consistent with our previous biochemical study that shows that hNSun6 prefers substrates with a flexible base pair at this site; and to maintain the RNA conformation, G:C and C:G are preferred in the third base pair in the acceptor stem of the hNSun6 substrate ([@B55]). Together with the discrimination factor U73 and residues from the D-stem, this indicates only specific tRNAs such as tRNA^Cys^ and tRNA^Thr^ could be the substrates of hNSun6 ([@B55]).

Indeed, RNA conformational reconstitution has also been found in several other RNA modification processes, including those observed in the ArcTGT/tRNA ([@B65]), TrmA/tRNA ([@B66]) and RumA/rRNA ([@B37]) complexes. However, for these three enzymes, their target nucleotides are buried deep inside the folded structure of the tRNA or rRNA, and modification-dedicated alternative conformations allow exposure of the target nucleotide for the modification reaction. An arising question is how these alternative conformation RNAs refold back into their typical structures to perform their functions after modification. As in the current study, after m^5^C72 methylation, when and how does the disrupted tRNA acceptor region recover to its canonical conformation? Is the enzyme involved in the process of tRNA refolding? More biochemical and biophysical assays are expected to help understand the process.

Mechanism of RNA recognition {#SEC4-2}
----------------------------

Both the PUA and the MTase domains of hNSun6 interact with different regions of tRNA. Specifically, the PUA domain recognizes tRNA characteristic elements, including the D-stem region and CCA end, while the common MTase domain precisely recognizes the target base and ambient residues. Therefore, the interactions between the PUA domain and tRNA may first anchor the main body of the tRNA near the enzyme to bring the acceptor region closer to the MTase domain. Then, the interactions of the RRM motif and catalytic core of the MTase domain with tRNA subtly locate U73 and C72 around the active site of hNSun6, respectively.

The PUA domain is an RNA-binding domain that exists widely among diverse types of proteins including many RNA:m^5^C MTases such as YebU, YccW and RlmO ([@B29],[@B42],[@B67]--[@B69]). Interestingly, the PUA domain of hNSun6 is inserted into the catalytic domain, whereas in other known RNA:m^5^C MTases the PUA domains are usually separated from catalytic domains and are located at either the N-terminal or C-terminal. The structure of the RNA-bound PUA domain has been reported in three other proteins: ArcTGT ([@B65]) and two pseudouridine synthases, TruB ([@B70]) and Cbf5 ([@B71]). The PUA-RNA-binding modes share similarities with ArcTGT and Cbf5, but are different from TruB ([@B67]). In the case of ArcTGT, the majority of the PUA/CCA end interactions are mediated through the phosphate backbone bound by positively charged surface amino acids and the PUA domain is not required for modification ([@B65],[@B72]). Our present structures reveal two different RNA-binding modes of the PUA domain. Both PUA-RNA-binding modes observed in hNSun6 differ from those of TruB, ArcTGT and Cbf5. The CCA end is precisely recognized by the PUA domain through extensive hydrogen bonding with aa residues (Figure [3D](#F3){ref-type="fig"}--[G](#F3){ref-type="fig"}), while nucleotide residues in the D-stem region bind to the PUA domain mainly through electrostatic interactions between phosphate/ribose groups and certain polar aa residues (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). The interactions of PUA-RNA in hNSun6 add layers of versatility to the ways that RNA binds to the PUA domain. The THUMP domain also recognizes the CCA end ([@B73],[@B74]). Residues of the CCA end are precisely recognized by the THUMP domain in ThiI and Trm11 as in hNSun6, even though they do not share amino acid sequence homology with the PUA domains ([@B72]--[@B74]). Recent work reported that hNSun6 binds to a long non-coding RNA *MAYA* through the PUA domain and further modulates the Hippo-YAP pathway to regulate bone metastasis ([@B54]). This suggests that hNSun6 could be a valuable therapeutic target for tumors. Based on our structure, drugs could be designed to target the PUA-RNA binding interface of hNSun6 and impair their interaction.

C72 of tRNA is extensively recognized by the catalytic core of hNSun6, and the aa residues involved in base recognition are largely invariant in RNA:m^5^C MTases. This suggests that target base recognition is conserved in the family. U73 acts as a discriminator base of the tRNA substrate to be recognized by hNSun6 and binds to the RRM motif. The RRM motif localizes near the catalytic core, and its tertiary structure is highly conserved in RNA:m^5^C MTases. Conservation of the folding of the RRM motif suggests a common RNA-binding capability. Therefore, we hypothesize that the RRM motif near the catalytic core in RNA:m^5^C MTases plays a common role in binding with nucleotide residues around the target cytosine. Furthermore, the primary sequence of this motif is conserved in the NSun6 subfamily but not in all RNA:m^5^C MTases. Thus, sequential diversity adds plasticity for binding with different nucleotides.

Catalytic mechanism and structural-based analyses of disease-causing mutations in human RNA:m^5^C MTases {#SEC4-3}
--------------------------------------------------------------------------------------------------------

Residues Lys248, Asp323, Cys326 and Cys373 at the active site of hNSun6 are strictly conserved in the RNA:m^5^C MTases ([@B21]). Residues Lys248 and Asp323 are both involved in recognition of the target base and its cofactor and probably play more roles during catalysis. Structures of the pre-catalytic complex of hNSun6 revealed that the motif VI-Cys (Cys373) is the nucleophile of the RNA:m^5^C methylation process, and this observation is consistent with the results of mutagenesis studies. Structural and biochemical studies on Cys326 are consistent with the hypothesis that motif IV-Cys acts as a general base to aid the release of tRNA from the enzyme. We also found that Cys326 probably plays additional roles in catalysis at earlier steps prior to methyl group transfer, although its exact mechanism requires further investigation. Here, we report the first RNA-bound structure of an RNA:m^5^C MTase, which enhances our understanding of the catalytic mechanism of RNA:m^5^C methylation. Several mutations in RNA:m^5^C MTases have been implicated in complex human diseases without knowledge of their impact on protein function. Thus, we identified the MTase domain of each human NSun member based on the structure of hNSun6 and knowledge of active site residues ([Supplementary Figure S5a](#sup1){ref-type="supplementary-material"}), and generated the sequence alignments of human NSuns ([Supplementary Figure S5b](#sup1){ref-type="supplementary-material"}). We further analyzed all the reported disease-causing mutations of NSun2, NSun3 and NSun7 involving in intellectual disability, mitochondrial disease and male infertility, respectively ([@B15],[@B47],[@B48],[@B51],[@B75]--[@B77]). Most of the mutations could impair RNA:m^5^C methylation ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}), suggesting that the defects of RNA:m^5^C modifications are directly associated with human diseases.

In summary, our study reveals both the substrate binding and catalytic mechanism of hNSun6, and shows that mutations in RNA:m^5^C MTases may impair its function. Thus structure-based drug design has potential in the development of treatments for RNA:m^5^C methyltransferase-related diseases.

ACCESSION NUMBERS {#SEC5}
=================

Protein Data Bank: atomic coordinates and structure factors for apo hNSun6 have been deposited with accession code 5WWQ; for the hNSun6/tRNA complex under accession code 5WWT, and for the hNSun6/tRNA/SFG and hNSun6/tRNA/SAM complexes with accession codes 5WWR and 5WWS, respectively.
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